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Abstract

:

The effect of preconditioning treatments on the control and improvement of spheroidal graphite iron (SGI) microstructure was evaluated. In the melt, 0.15% of Zr-(Ca, Al) FeSi preconditioner was added into different conditions. Four samples were produced for this investigation: (1) in the first melt, there was no addition of a preconditioner for comparative purposes; (2) in the second melt, the preconditioner was added at the cold charge; (3) in the third melt, the preconditioner was added before the last cold charge; and (4) in the fourth melt, the preconditioner was added at tapping from the furnace. Microstructural characterization was conducted to understand the effect of the treatment on the SGI. Optical microscopy results show that preconditioning treatment increases graphite’s nodule density, ferrite content, and nodularity. Scanning electron microscopy (SEM), energy dispersive energy (EDS), and electron backscatter diffraction (EBSD) analysis were used to identify the types of microparticles present in the graphite nodules. Some complex microparticles were identified as AlMg2.5Si2.5N6, MgS, and CaS. The microstructural characteristics of the matrix, such as grain size, crystallographic orientation, and misorientation, were also evaluated by the EBSD. The addition of the preconditioning at tapping results in a higher ferrite fraction, smaller grain size, misorientation, and hardness values. This work suggests that the different preconditioning practice has a crucial effect on the microstructural characteristics of the SGI. This knowledge is vital, allowing the microstructure tailoring to enhance the mechanical properties of SGI to obtain the best performance of these materials.






Keywords:


preconditioning; graphite; microstructure; microhardness; electron backscattered diffraction












1. Introduction


Spheroidal graphite iron (SGI) is widely used in various industries, such as automotive, sanitation water systems, and wind turbine structures, as it exhibits several advantages, such as it can be twisted, bent, or deformed without fracturing, due to its high-yield strength and fracture toughness with greater elongation when compared to lamellar cast iron [1,2]. In fact, a global iron casting growth rate of 6.4% is expected by 2030 [2]. For this reason, any optimization of resources that might improve the production route will have a vast economic and environmental impact.



In cast iron, carbon precipitates as graphite, and in spheroidal graphite irons, the preferred form of graphite is in the form of spheroids. However, this process will be affected by the nature and treatment given to the melt, such as its graphitization potential, preconditioning, nodularization, inoculation treatment, and cooling rate [3].



During the production of spheroidal graphite iron, many microparticles are formed, and some of them can be nuclei for graphite. However, the nucleation formation of graphite still needs to be better understood. Several authors reported the nature of graphite nucleation. Skaland et al. [4] proposed that a hexagonal double-layer silicate formed during inoculation on Mg-bearing microparticles is the actual substrate for graphite. Other proposals made by Igarashi et al. [5], and Qing et al. [6], suggest that the nuclei are composed of a multiphase particle with a MgO core enveloped by MgS and by a complex nitride (Mg, Si, Al)N. Laffont et al. also reported a similar complex nucleus [7].



These nitrides were also reported and identified by transmission electron microscopy (TEM) in SGI by Solberg and Onsøien [8]. The authors identified the Mg2.5AlSi2.5N6, which can also be written as the stoichiometric compound (AlN)6(Mg3N2)5(Si3N4)5 as nuclei for graphite. In addition, TiC, (Ti, Zr)-CN, and MgSiN2 have also been reported to be nuclei of graphite nodules by Alonso et al. [9,10].



It is known that the particles generated during the MgFeSi treatment and inoculation play an essential role in the nucleation level of a cast iron melt. However, during liquid melt processing, using poor-quality raw materials, such as contaminated steel scrap, cheaper galvanized steel scrap, or synthetic pig iron [11], excessive superheating or prolonged holding times can deteriorate the nucleation level of graphite to the point that usual alloy additions do not work correctly. In this context, preconditioner alloys have been developed to increase the reaction to alloy addition, such as MgFeSi treatment in SGI and inoculation [11,12]. It is well known that preconditioners are a cheap way to make the production process less dependent on the melting history [11,12].



Recent publications [13,14,15] have shown that efficient preconditioning influences the microstructure of SGI by increasing the volumetric nodule density of graphite and nodularity. Preconditioning also produces a more uniform size distribution of the graphite particles and decreases the chill solidification [11,14].



Microstructural characterization of cast iron is essential to select the preconditioning treatment that will influence the graphite shape and distribution, metal matrix microstructure, casting processing, and cooling condition.



This work aimed to study the effect of the time of addition of 0.15% of Zr-(Ca, Al) FeSi preconditioner on the nucleation of graphite in SGI microstructure. Different treatments were performed, and four melts were produced for this investigation: (1) in the first melt, there is no addition of a preconditioner for comparison purposes; (2) in the second melt, the preconditioner was added at the charge; (3) in the third melt, the preconditioner was added before the last cold charge; and (4) in the fourth melt, the preconditioner was added at tapping from the furnace to the treatment ladle. Microstructural and mechanical characterization was conducted to evaluate the effect of the different treatments in the SGI.




2. Materials and Methods


2.1. Molten Metal Processing


All melts were preconditioned using 0.15% of Zr-(Ca, Al)-FeSi, treated with 1.1% of MgFeSi, rare earth free, and size range between 1 and 10 mm; no inoculation was made on these melts. The chemical composition of the treatment alloys can be seen in Table 1.



Alloying element corrections were made by adding high-purity graphite (99.9% C), FeMn (75% Mn), FeS, and Si-metal to the induction furnace. Different treatments were performed to identify the effect of the point at which the preconditioning should be added to improve graphite nucleation (density, nodularity, and size distribution). For this purpose, four melts were produced with 275 kg of low alloyed cast iron returns: (1) in the first melt, there is no addition of a preconditioner for comparison purposes (no preconditioning—noPUn); (2) in the second melt, the preconditioner was added at the charge (charge preconditioning—CPUn); (3) in the third melt, the preconditioner was added before the last cold charge (last cold charge preconditioning—LCPUn); and (4) in the fourth melt, the preconditioner was added at tapping, before MgFeSi treatment (tapping preconditioning—TPUn), according to Figure 1 and summarized in Table 2.



The particle size of preconditioners varies depending on the time of their addition. For the CPUn and LCPUn, the grain size of the preconditioner was 0–10 mm, to allow a slow dissolution of the preconditioner, avoiding the fading of the preconditioner effect. In TPUn, the dissolution must occur in a short time. Therefore, smaller grain sizes of 0.7–2 mm were used.



The bulk chemical composition of each sample was obtained by analyzing the chill coins in a spark optical emission spectrometer (ARL ispark 8860, (Thermo Fisher Scientific, Hillsboro, OR, USA)). To determine the bulk concentration of O, N, and C more accurately, a part of the chill coins was also analyzed using combustion techniques. A LECO ON836 (LECO, Geleen, The Netherlands) was employed for N and O, and a LECO ON844 was employed for C. The treated iron was held for 1 min before being poured into the horizontal tensile bars (cylinders of 30 mm diameter) at a temperature of 1385 °C. The final chemical composition of each sample is given in Table 3.




2.2. Optical Microscopy Characterization


Optical microscopy (OM) was performed to evaluate the effect of the preconditioning treatment on the morphology, size, and distribution of graphite.



The 30 mm diameter bars were used, and conventional metallurgical preparation techniques prepared the samples. The etching was performed with Nital 2%. Microstructural characterization was performed in an OM using DM4000 equipment (Leica Microsystems, Wetzlar, Germany), and the image analysis quantification was done through the Leica Application Suite software (Leica Microsystems, Wetzlar, Germany). This image quantification analysis was conducted to evaluate the nodule count or nodule density (Graphite Min Length < 5 µm), nodule size, spheroidal graphite morphology, and phase quantifications on an area of 7.4 mm2.



To evaluate the effect of preconditioning on graphite nodules and matrix grain sizes, the values were adjusted to one or more log-normal or gaussian distributions according to Equations (1) and (2), respectively [16,17].


   y 1  =    n  m a x     σ   2 π     exp   −  1 2    (   ln x − ln  μ o     σ  )  2     



(1)






   y 2  =    n  m a x     σ   2 π     exp   −  1 2    (   x −  μ o   σ  )  2     



(2)




where y1 is the standard log-normal distribution, y2 is a standard Gaussian distribution, x is the value (diameter or grain size) measure, nmax is the maximum number density, μo is the mean value, and σ is the standard deviation.



The ISO-945 standard was used to characterize the graphite morphology, classifying the graphite particles into six different classes. Classes V and VI are indistinct nodular graphite and regular nodular graphite. In spheroidal graphite iron, a class with a regular nodular shape is more desirable because it enormously increases the mechanical properties [18,19].




2.3. SEM/EDS/EBSD Characterization


The microstructural characterization to evaluate the matrix and the microparticles in the graphite nodules was performed by SEM. The sample preparation for this characterization was done through the conventional metallographic preparation, finishing with colloidal silica (0.05 µm) for 1 h for each sample.



The elemental chemical composition of the microparticles was initially determined by energy-scattering X-ray spectroscopy (EDS). SEM and EDS characterizations were performed by environmental scanning electron microscope (ESEM), a high-resolution Thermo Fisher Scientific QUANTA 400 FEG SEM (Thermo Fisher Scientific, Hillsboro, OR, USA) coupled with an EDS (EDAX Genesis X4M, EDAX Inc. (Ametek, Mahwah, NJ, USA).



The standardless quantification method made EDS measurements at an accelerating voltage of 15 keV. The results obtained by this method provide a fast quantification with automatic background subtraction, matrix correction, and normalization to 100% for all the elements in the peak identification list. It analyzed the main elements in the graphite nuclei and estimated the type of compounds that can act as nuclei for graphite. Note that all chemical compositions of the microparticles will be expressed in at%.



The phase identification was also performed using the Kikuchi patterns obtained by Electron Backscatter Diffraction (EBSD ((EDAX Inc. (Ametek, Mahwah, NJ, USA)) technique.



The matrix was also characterized to evaluate the effect of preconditioning treatment. Different maps of EBSD were acquired to characterize the grain size, phase, crystallographic orientation, and kernel average misorientation of the matrix. The crystallographic orientation was characterized by inverse polar figure (IPF) maps. The Kernel Average Misorientation (KAM) parameter quantified the average disorientation. This parameter quantifies the average misorientation around a measurement point concerning a defined set of nearest neighboring points [20]. It uses TSL OIM Analysis 5.2 2007 EDAX Inc. (Ametek, Mahwah, NJ, USA) software for this analysis.




2.4. Hardness Tests


Hardness tests were made to evaluate microstructural changes in the matrix due to different preconditioner treatments. The mechanical behaviour of the SGI samples was assessed by Brinell hardness and Vickers microhardness maps.



Samples were prepared according to the national standard EN ISO 6506-1-2009, Brinell Hardness Test for Metal—Part 1: Test Method. The hardness of each sample was determined on a Brinell hardness tester with a 2.5 mm diameter steel ball by applying a load of 187.5 kg for 10 s. Under the same test conditions for each sample, 5–10 points were measured, and their weighted average was calculated and reported. The Brinell hardness values of the test specimens were obtained using DuraVision G5 20 equipment (EMCOTEST, Kuchl, Austria).



Vickers microhardness maps were performed with a 0.49 N load (HV0.05), according to the standard EN ISO 6507-1-2011, Metallic materials—Vickers Hardness Test for Metal—Part 1: Test Method, using Duramin-1 Struers equipment (Duramin-1; Struers A/S, Ballerup, Denmark). Indentation matrices obtained the hardness maps up to 9 rows per 12 columns. The scheme of the matrices across the interface is represented in Figure 2.





3. Results and Discussion


The success of preconditioning and the effect of the different treatments used in this investigation were evaluated through the analysis of the microstructural and mechanical characterizations of the samples. Different techniques were used to investigate the other microstructural characteristics of the samples and to correlate this with the hardness evolution. Initially, an analysis was carried out at a macro to microstructural level with a large observation area using optical microscopy and hardness, followed by a study using electron microscopy and microhardness. This study aimed to understand to what extent different treatments could affect the matrix and aspects such as crystal orientation that play a crucial role in the final properties of a component.



3.1. Optical Microscopy Characterization


Figure 3 shows the images of the samples in unetched and etched conditions for the different treatments. The distribution of the graphite nodules’ diameters (maximum length) and log-normal distributions are present in Figure 4. In the images of unetched samples, the various treatments seem to influence the morphology of the graphite nodules. There is a slight influence of the treatment on the average nodule size based on the diameter distributions. The distributions in Figure 4 show differences for the four treatments performed. From the diameter of the nodules, despite the average size being very close, it is possible to observe that the TPUn samples have the smallest size. For this sample, the distribution curve is narrower. The results obtained in the quantification of the image analysis are shown in Table 4, such as the nodule size, nodule count, and phase analysis results. In the phase analysis, the smaller particles observed in the matrix, with a different gray color from the remaining phases (pearlite and graphite), were called carbides or microparticles.



The results of Table 4 show that preconditioning influences the microstructure characteristics of the matrix. The ferrite and graphite fraction increase with the preconditioner addition time closer to MgFeSi treatment, as seen by the TPUn sample. This sample has the highest ferrite percentage, which explains the lowest Brinell hardness value (165 ± 3 HBW 2.5/187.5). OM performed phase analyses, which are based on determining different gray scales. Some errors might be associated with the values obtained mainly for fractions of these smaller particles that could be carbides corresponding to tiny areas identified in the samples. The noPUn exhibit the highest hardness value that can be explained by the fraction of the smaller particles dispersed at the matrix.



Another essential parameter evaluated was the morphology of the graphite particles. Figure 5 shows the results obtained for the different samples regarding the morphology of the graphite nodules. In these graphs, it is possible to observe that the percentage of nodules present in the samples has a class reference according to the standard ISO-945. The sample TPUn has the highest percentage of classes V and VI, which correspond to the nodules with regular morphology. The addition at tapping seems effective in obtaining graphite with a more regular morphology (classes V and VI), which is the preferred form for this type of material, and are considered nodules.




3.2. SEM/EDS/EBSD Microparticles Characterization


There is a strong suggestion that the nucleation of a cast iron melt can occur on microparticles generated during the MgFeSi and preconditioning treatment. The microparticles were analyzed by EDS and SEM images. Figure 6 shows some examples of microparticles observed in the different samples. In these images, it is possible to observe an example of the same type of microparticles in the matrix and the graphite nodules. The chemical composition and shape of these microparticles were similar for all samples. These microparticles are observed dispersed in the matrix but also are located at the center of graphite nodules.



The SEM and EDS analyses were performed in the microparticles at the center of the graphite nodules to identify the present phase. Figure 7 shows the SEM images of two samples and examples of microparticles seen in the center of the graphite nodules. Table 5 shows the results for each analyzed region marked in Figure 7. It is essential to point out that the EDS technique has a higher interaction volume than the analyzed area. Therefore, this analysis only allows for identifying elements in an enveloping volume. Combining these results with the main identified element phase diagrams allows the identification of phases. In some regions, mainly in the case of the Z1 and Z5, the identification performed in previous studies [10,11,12,13,21,22,23,24] was crucial for helping in the selection of the main elements for phase evaluation.



Figure 7a shows microparticles complexed with many elements. The SEM images combined with the analysis of the elemental chemical composition by EDS and the phase diagrams allowed us to indicate the possible phases of the microparticles observed in the graphite nodules of Figure 7. Based on the EDS results combined with phase diagrams and similar results in previous work [5,6,7,8,9,10,11,12,13,21,22,23,24,25], the microparticles observed in this particular graphite nodule could be Mg-Si-Al-N, Mg-S, Nb-Ti-C, and (Ti, Zr)-CN [5,6,8,25]. In Figure 7b, the two regions exhibit EDS results that suggest the presence of (Mg, Si, Al)NO in the Z5 region and (Mg, Ca)S in the Z6 region. Alonso et al. and Qing et al. also reported a similar nucleus [5,6,25], where the authors state that nitrides can grow into Mg-Ca or Mg-Ca-La complex sulfides that can nucleate into Mg oxides or oxysulfides. However, these works report different amounts of Al content. Although most show a value of 3 at%, for example, Alonso et al. [10] report a low Al of 1.8 at%, the presence of (Mg, Si, Al)N may have a structure of (Mg, Si)N2 with orthorhombic lattice, and Solberg and Onsøien [8] identified for a higher amount of Al of 6.9 at%. As for (Mg, Ca)-S, the EDS results accord to that and can be observed in Table 5, showing a higher concentration of Mg and S, which indicates that this nucleus seems to be formed mainly by an Mg sulfide with Ca sulfide incorporated, since both have the same crystal structure.



In order to precisely identify the microparticles, the crystallographic orientation information was obtained by EBSD analysis. Diffraction patterns with a small interaction volume and high resolution were acquired due to the low penetration depth (less than 50 nm) [26].



Figure 8 shows the indexation of Kikuchi patterns of the microparticles presented in Figure 7.



The EBSD technique identified complex compounds of (Mg, Ca)-S with a=b=c 5.21 Å (space group, Fm3m) and AlMg2.5Si2.5N6 with a = b = 5.44 Å and c = 4.82 Å (space group, P31m) in the middle of the graphite nodules according to [4,5,8]. The indexation of MgS and CaS is observed for the Kikuchi patterns obtained, which confirms that this inclusion is a compound, where the CaS crystal adopts the same cubic lattice structure as MgS, replacing Mg atoms with Ca during the inclusion formation. Similar results are observed for MgO, CaO, or (Ti, Zr)-CN. For this reason, the identification of the microparticles was combined SEM/EDS results and EBSD. Based on all EBSD analyses and SEM/EDS results, Table 6 summarizes the identified phases in all samples.



Most analyzed nuclei exhibited two or three different inclusions: Mg-sulfides or Mg-Ca-oxysulfides, Mg-oxides, Ti,Zr-carbonitrides, and Mg-Si-Al nitrides. The characterization of the nitride particles was performed for all samples, obtaining the same identification for all the nitrides analyzed, which suggests that the preconditioners have a small influence on the chemical composition or shape of the microparticles.




3.3. SEM/EDS/EBSD Matrix Characterization


The influence of the different treatment processes on the matrix of the SGI was also evaluated by EBSD techniques. Unique color grain maps evaluated the grain size of the matrix. These maps and SEM images are presented in Figure 9. The grain size distribution for each sample and the log-normal distribution of grain size can be observed in Figure 10. Based on these results, despite the average grain size of the ferrite matrix of the samples being similar, differences can be observed in the distribution for the different treatments. Although the samples noPUn and LCPUn can have a similar distribution, the sample TPUn has a slightly smaller mean ferrite matrix grain size and a grain size distribution closer to a normal distribution.



Regarding crystallographic orientation, the inverse pole figure maps were analyzed in the [001] direction, and the inverse pole figures can be observed in Figure 11 for the different treatments.



Although none of the samples showed preferential orientation (texture), the maps and IPF figures reveal strong orientations in the conditions analyzed. For example, the CPUn sample has more green grains than the LCPUn sample, suggesting they have [001]<101> orientation. Based on the inverse pole figures, the change in crystallographic orientation in the samples is evident. For the ferrite matrix, it is possible to observe that for the different crystallographic directions, there are different maximum intensities for each sample. For example, for the TPUn sample, in the [001] direction, the maximum intensity is observed for the <001> planes, whereas for the CPUn sample, it is in <101> planes for the same direction. This is indicative of the preconditioner treatment, as its particle size can affect the formation and crystallographic orientation of the ferrite matrix grains. These changes may also be affected by the presence and nature of the different microparticles located in the matrix, which can affect the crystalline orientation of the matrix. The various treatments can influence the number and type of microparticles present in the matrix. KAM maps enable an understanding of local lattice distortions, localized deformation, and high dislocation density, which cause stored strain energy in the grain [20], which can lead to the detriment of some mechanical properties.



Based on KAM maps, shown in Figure 12, it is possible to detect some significant differences between samples.



CPUn and LCPUn samples present a matrix showing extensive regions of greater misorientation (red regions correspond to 5° of misorientation angle). The noPUn sample presents some heterogeneous high misorientation areas. The areas that show greater misorientation are regions that may correspond to the matrix with the presence of carbides or microparticles. These regions can result from a significant accumulation of dislocations due to the obstacles to their movement, increasing the grain’s misorientation. This microstructure feature will influence the properties of the material. The TPUn sample exhibits the microstructure with a lower average misorientation angle, which means a beneficial mechanical property of the casting.



The interface between graphite and ferrite corresponds to areas of low misorientation, which means regions with slight disorientation in the lattice. Furthermore, the density of dislocations can pile up at the ferrite–cementite interface during pearlite transformation [27]. Regarding the effect of the preconditioning treatment, the TPUn sample has the lowest average misorientation. This can be related to the lower fraction of carbides, and a higher fraction of ferrite observed for these samples, as in Table 4. The differences in the angle of misorientation of the ferrite matrix observed for each treatment can also be associated with the microparticles’ presence. A higher density of microparticles dispersed into ferrite can promote a higher density of dislocation that can increase the average misorientation angle.



The microstructural characterization result suggests significant differences in the size and morphology of the graphite nodules, the grain size distribution of the ferrite, as well as the crystalline orientation and misorientation of the ferrite matrix for the different treatments performed. These characteristics have a direct influence on the mechanical behavior of the SGI, and as such, it was necessary to investigate the microhardness of these samples.




3.4. Hardness Evolution


The hardness values of the samples are summarized in Table 4, and the Vickers microhardness distribution maps of each sample produced are presented in Figure 13.



Vickers microhardness evolution matrices maps show significant changes when preconditioning is applied at different moments. Based on the hardness maps, the noPUn and LCPUn samples present regions with higher hardness values. This is in agreement with the mean values presented in Table 4. This may be associated with the higher percentage of observed pearlite and carbides and regions with high misorientation related to a high concentration of dislocations. The TPUn sample has a more uniform hardness distribution and a lower hardness value. This can be explained due to the high fraction of ferrite and the low value of carbides observed.



The hardness results are according to the microstructural characterization. The TPUn sample revealed a more uniform hardness distribution and lower average hardness. The lower average angle of misorientation can explain this, as already mentioned. The lower fraction of the carbides and microparticles in the matrix observed by OM analyses or pearlite fraction can induce the formation of a softer matrix. On the contrary, the higher hardness observed for the samples noPUn and LCPUn can be associated with the high misorientation angles observed at some regions of the matrix. A higher density of accumulated dislocations can characterize these regions due to the presence of second-phase particles that increase the mechanical properties of these regions. It is essential to point out that the grain size of the ferrite matrix for all samples is similar, and the differences in the hardness cannot be attributed to the microstructural feature.



These results show that the hardness value distribution maps are the same evolution as the KAM maps in Figure 12. The samples with more uniform KAM maps and smaller misorientation angle values present more hardness values. In comparison, the samples with more crystalline disorientation have higher hardness values and harder matrix regions. This heterogeneity in the microstructure reflected in the properties shows that a detailed characterization of the microstructure is important to understand how processing can influence the final nodular cast iron component.





4. Conclusions


The effect of preconditioning on the microstructure of uninoculated SGI was studied using characterization techniques such as optical microscopy and scanning electron microscopy. The preconditioning used was Zr-(Ca,Al) FeSi, which was added at three different moments: preconditioning at a charge (CPUn), preconditioning at the last cold charge (LCPUn), and preconditioning at tapping (TPUn). For comparative purposes, a standard melt was produced without adding the preconditioning (noPUn). In this context, four different preconditioning treatments were defined, and their effect on other microstructural characteristics in the matrix and on the characteristics of graphite nodules was evaluated.



OM characterization suggests that different preconditioning treatments influence the morphology of graphite nodules and the ferrite fraction, affecting the SGI mechanical properties. The addition at tapping seems effective in obtaining graphite with a more regular morphology (classes V and VI).



The addition of preconditioning at tapping increases the graphite’s nodule count density, ferrite content, and nodularity with an increase of 23% of the graphite’s nodules of class VI.



The microparticles were identified through the combination of SEM/EDS and EBSD, and the results show that these microparticles consist of some complex compounds made of Mg-Ca-O, Mg-Ca-S, Ti-Zr-C-N, and Mg-Al-Si-N. However, there is no significant difference in the type of inclusions in the samples produced by different treatments.



EBSD was also used to evaluate the effect of different preconditioning treatments on the microstructure of the SGI matrix. Although the samples’ average grain size of the ferrite matrix is similar, differences in grain size distribution can be observed for the different treatments.



The crystallographic orientation of the ferrite matrix is affected by the preconditioning treatment. This is related to the microparticles, and the second phase present in the matrix will influence the grain orientation. The KAM results revealed that the preconditioning treatment leads to a decrease in matrix disorientation. The addition of preconditioning in tapping is observed in the lowest average disorientation values.



The hardness results confirmed that the microstructural observations revealed a smoother matrix for the sample produced with the addition of preconditioning in the tapping. This may be related to the distribution of the microparticles across the matrix.
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Figure 1. Illustration of the different preconditioning treatments: (1) preconditioning at charge (CPUn), (2) preconditioning at last cold charge (LCPUn) (3) preconditioning at tapping (TPUn). 
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Figure 2. The matrix for the Vickers microhardness test showing the indentation position (♦). 
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Figure 3. Optical microscopy images of samples unetched and etched of (a) noPUn, (b) CPUn, (c) LCPUn, and (d) TPUn samples. 
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Figure 4. Distribution of nodules’ diameters of (a) noPUn, (b) CPUn, (c) LCPUn, and (d) TPUn samples; (e) Log-normal distribution of nodules diameters for each treatment. 
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Figure 5. Graphite nodules classification by area (%) according to the classification of ISO-945 standard for each sample: (a) noPUn, (b) CPUn, (c) LCPUn and (d) TPUn, where III—Class III, V—Class V, VI—Class VI and R—remain classes. 
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Figure 6. SEM images of (a) noPUn, (b) CPUn, (c) LCPUn, and (d) TPUn samples showing examples of microparticles observed. 
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Figure 7. SEM images of (a) LCPUn and (b) TPUn samples showing complex non-metallic inclusion detected inside graphite nodules. 
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Figure 8. EBSD analysis of microparticles was present in SEM images of Figure 7. The secondary electron images (a,d) show the EBSD point of analysis, the (b,d–f) the Kikuchi pattern indexed as AlMg2.5Si2.5N6, (c) ferrite matrix, and MgS or CaS and (g,h) the lattice structure of the complex microparticle phases indexed. 
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Figure 9. SEM images and unique grain color maps of (a) noPUn, (b) CPUn, (c) LCPUn, and (d) TPUn. 
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Figure 10. Grain size distributions of (a) noPUn, (b) CPUn, (c) LCPUn, and (d) TPUn; (e) Log-normal distribution of grain size for each treatment. 
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Figure 11. Inverse pole figure (IFP) maps in [001] direction superimposed with image quality images and inverse pole figures for each sample: (a) noPUn, (b) CPUn, (c) LCPUn, and (d) TPUn. 
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Figure 12. Kernel misorientation map (KAM) superimposed with image quality for each sample: (a) noPUn, (b) CPUn, (c) LCPUn, and (d) TPUn. 
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Figure 13. OM image and hardness distribution maps of the samples: (a) noPUn, (b) CPUn, (c) LCPUn, and (d) TPUn. 






Figure 13. OM image and hardness distribution maps of the samples: (a) noPUn, (b) CPUn, (c) LCPUn, and (d) TPUn.



[image: Metals 13 00005 g013]







[image: Table] 





Table 1. Chemical composition (wt.%) of Mg-Ferrosilicon and preconditioner used. Fe is balance.
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	Alloy
	Ca
	Al
	Zr
	Mg
	Si





	Mg–Ferrosilicon
	1.5–2.0
	0.0–0.8
	_
	5.75–6.25
	44–48



	Zr-(Ca, Al) Preconditioner
	0.6–1.9
	3.0–5.0
	3.0–5.0
	_
	62–69
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Table 2. Summarized sample identification.
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	Sample ID
	Nomenclature





	noPUn
	No preconditioning



	CPUn
	Charge preconditioning



	LCPUn
	Last Cold charge preconditioning



	TPUn
	Tapping preconditioning
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Table 3. Chemical composition (wt.%) of the samples.
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	Sample ID
	C *
	Si
	P
	CE 1
	Mn
	Mg
	Cu
	S
	O * [ppm]
	N * [ppm]





	noPUn
	3.55
	2.42
	0.02
	4.36
	0.21
	0.04
	0.02
	0.009
	6.00
	49.00



	CPUn
	3.46
	2.45
	0.02
	4.28
	0.20
	0.05
	0.02
	0.008
	3.00
	52.00



	LCPUn
	3.51
	2.48
	0.02
	4.34
	0.20
	0.04
	0.02
	0.009
	17.90
	49.00



	TPUn
	3.53
	2.47
	0.02
	4.36
	0.20
	0.05
	0.02
	0.009
	8.49
	48.80







1 CE = equivalent carbon calculated according to the equation: CE = %C + (%Si + %P)/3. * bulk concentration of O, N, and C also used combustion techniques.
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Table 4. Results of image analysis quantification and Brinell hardness results.
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	Sample
	noPUn
	CPUn
	LCPUn
	TPUn





	Graphite nodule size (µm)
	44
	44
	48
	42



	Graphite particle count (mm−2)
	134
	151
	122
	200



	%Ferrite
	36.66
	41.27
	51.02
	55.59



	%Pearlite
	36.66
	40.84
	25.12
	25.49



	%Graphite
	9.48
	10.23
	10.84
	12.67



	%Carbides or microparticles
	10.07
	7.66
	13.02
	6.25



	HBW 2.5/187.5
	177 ± 6
	172 ± 8
	175 ± 6
	165 ± 3
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Table 5. EDS chemical composition (at%) of the zones identified in Figure 7.
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	Zone
	Mg
	O
	S
	Ca
	N
	Al
	Si
	Ti
	C
	Fe
	Nb
	Main Elements





	Z1
	12.6
	2.5
	-
	-
	13.2
	0.9
	15.8
	-
	54.5
	0.5
	-
	Mg-Si-Al-N



	Z2
	15.1
	2.0
	-
	-
	18.9
	2.7
	18.0
	3.0
	40.3
	-
	-
	Ti-Zr-C-N



	Z3
	7.0
	2.4
	-
	-
	19.5
	0.5
	7.0
	12.5
	48.6
	-
	2.5
	Nb-Ti-C



	Z4
	11.9
	1.9
	13.3
	-
	-
	-
	-
	-
	73.0
	-
	-
	Mg-O-S



	Z5
	17.2
	2.9
	-
	-
	31.6
	5.3
	20.4
	-
	22.6
	-
	-
	Mg-Si-Al-N-O



	Z6
	6.2
	-
	3.7
	0.7
	-
	-
	-
	-
	-
	89.4
	-
	Mg-Ca-S
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Table 6. Summary of the compounds found and identified in the graphite nodules in each sample.
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	noPUn
	CPUn
	LCPUn
	TPUn





	AlMg2.5Si2.5N6

Mg-Ca-O

Mg-Ca-S
	AlMg2.5Si2.5N6

Mg-Si-Al-O-N
	AlMg2.5Si2.5N6

Mg-Ca-O

Mg-Si-Al-O-N

Ti-Zr-C-N

MgS
	AlMg2.5Si2.5N6

MgO

MgS

Mg-Ca-S
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